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1 Weber had participants pick-up a standard weight
then a comparison weight and observed that the great
the greater the difference between the standard and the
before a between-hand difference in load was detectedThe ‘just noticeable difference’ (JND) represents the minimum amount by which a stimulus must change
to produce a noticeable variation in one’s perceptual experience and is related to initial stimulus magni-
tude (i.e., Weber’s law). The goal of the present study was to determine whether aperture shaping for
visually derived and memory-guided grasping elicit a temporally dependent or temporally independent
adherence to Weber’s law. Participants were instructed to grasp differently sized objects (20, 30, 40, 50
and 60 mm) in conditions wherein vision of the grasping environment was available throughout the
response (i.e., closed-loop), when occluded at movement onset (i.e., open-loop), and when occluded for
a brief (i.e., 0 ms) or longer (i.e., 2000 ms) delay in advance of movement onset. Within-participant stan-
dard deviations of grip aperture (i.e., the JNDs) computed at decile increments of normalized grasping
time were used to determine participant’s sensitivity to detecting changes in object size. Results showed
that JNDs increased linearly with increasing object size from 10% to 40% of grasping time; that is, the
trial-to-trial stability (i.e., visuomotor certainty) of grip aperture (i.e., the comparator) decreased with
increasing object size (i.e., the initial stimulus). However, a null JND/object size scaling was observed dur-
ing the middle and late stages of the response (i.e., >50% of grasping time). Most notably, the temporal
relationship between JNDs and object size scaling was similar across the different visual conditions used
here. Thus, our results provide evidence that aperture shaping elicits a time-dependent early, but not late,
adherence to the psychophysical principles of Weber’s law.
 2011 Elsevier Ltd. All rights reserved.1. Introduction
The ‘just noticeable difference’ (JND) represents the minimal
alteration in stimulus intensity that produces a noticeable varia-
tion in one’s perceptual experience and is related to initial stimulus
magnitude. In particular, Weber’s law states that JND magnitude is
a constant proportion to the original stimulus value and that the
sensitivity of changes in any physical continuum is relative as
opposed to absolute.1 Although the importance of Weber’s law is
recognized by its generalizability to perception-based processing in
multiple sensory domains (e.g., proprioceptive, visual, auditory) a
paucity of work has examined extension of the law to the motor
domain.
In recognition of the above, Ganel, Chajut, and Algom (2008)
computed JND magnitudes to examine whether goal-directedll rights reserved.
(i.e., the initial stimulus) and
er the weight of the standard,
comparison weight had to be
.grasping conforms to Weber’s law. In their study, participants
grasped objects of different widths (i.e., 20, 30, 40, 50, 60 and
70 mm or 20, 40 and 60 mm) when vision was available through-
out the response (closed-loop grasping), when occluded at move-
ment onset (open-loop grasping), and when occluded 5000 ms in
advance of response cuing (memory-guided grasping) (see also Ga-
nel, Chajut, Tanzer, & Algom, 2008).2 Notably, within-participant
standard deviations of peak grip aperture size were used to
determine participant’s sensitivity to detecting changes in object
size (i.e., the JND scores). Ganel et al. reported that JNDs for closed-
and open-loop grasping did not vary in relation to object size. In con-
trast, corresponding values for memory-guided grasping increased
linearly with increasing object size; that is, the trial-to-trial stability
(i.e., visuomotor certainty) of peak grip aperture (i.e., the compara-
tor) decreased with increasing object size (i.e., the initial stimulus).2 The original work of Ganel, Chajut, and Algom (2008) included a closed-loop
visual condition and a 5000 ms memory-guided grasping condition. In a published
Response article to criticism by Smeets and Brenner (2008), Ganel, Chajut, and Algom
(2008) contrasted a 0 ms delay to an open-loop grasping condition. This manipulation
was completed so that both grasping tasks were implemented without online visual
feedback.
1942 S.A. Holmes et al. / Vision Research 51 (2011) 1941–1948Moreover, the memory-guided task elicited a JND/object size scaling
on par to that observed in a manual estimation task (i.e., a perceptual
task). Hence, Ganel et al. proposed that visually derived grasping
(i.e., closed- and open-loop) demonstrates a fundamental violation
of Weber’s law whereas memory-guided grasping shows a funda-
mental adherence to the law’s psychophysical properties.
Ganel, Chajut, and Algom (2008) and Ganel, Chajut, Tanzer, et al.
(2008) interpreted their results within the framework of Goodale
and Milner’s (1992) perception/action model (PAM). Speciﬁcally,
the PAM asserts that unitary and absolute visual information med-
iated by the dedicated visuomotor networks of the dorsal visual
pathway support actions planned and/or implemented with real
time visual feedback (i.e., closed- and open-loop actions). Notably,
occluding vision prior to movement onset is thought to disrupt the
real time operation of dorsal visuomotor networks (Westwood &
Goodale, 2003; for review see Goodale & Westwood, 2004).
Accordingly, the PAM states that unitary and relative visual infor-
mation maintained by the temporally durable visuoperceptual net-
works of the ventral visual pathway support memory-guided
actions. Given this framework, Ganel et al. proposed that visually
derived grasping violates Weber’s law due to their mediation via
absolute visual information. In turn, it was concluded that
memory-guided grasping adheres to the perceptual properties of
Weber’s law due to their mediation via relative visual information.
Recent work by Heath, Mulla, Holmes, and Smuskowitz (2011)
sought to build upon Ganel, Chajut, and Algom (2008) and Ganel,
Chajut, Tanzer, et al.’s (2008) ﬁndings and examine whether aper-
ture shaping for visually derived actions elicit a temporally invari-
ant violation of Weber’s law. The motivation for this work was
twofold. First, Ganel et al’s examination of JND/object size scaling
was limited to the time of peak grip aperture. Because this variable
represents a late occurring metric (i.e., 70% of grasping time:
Jeannerod, 1984) it was unclear whether aperture shaping would
exhibit in toto violation of Weber’s law. Second, although the the-
oretical tenets of the PAM assert that unitary absolute and unitary
relative visual information support the unfolding parameters of
visually derived and memory-guided actions, respectively, there
is some evidence from the pictorial illusions literature that the per-
ceptual properties of a visual array impact the early, but not late,
stages of aperture shaping (Glover & Dixon, 2001, 2002). In fact,
Glover’s (2004) planning/control model (PCM) states that a plan-
ning representation mediated by relative visual information sup-
ports the early kinematic parameterization of a response whereas
a control representation supported by absolute visual information
gradually assumes command of the unfolding response. Given the
above, Heath et al. (2011) had participants grasp differently sized
objects (i.e., 20, 30, 40, 50 and 60 mm) in closed- and open-loop vi-
sual conditions and JND values were computed not only at the time
of peak grip aperture, but also at normalized deciles of grasping
time (i.e., 10–90% of grasping time). Results for closed- and open-
loop trials showed a linear increase in JNDs as a function of increas-
ing object size during the early stages of aperture formation (i.e.,
10–50% of grasping time). However, from 60% to 90% of grasping
time (and including the time of peak grip aperture), a null relation-
ship was observed between JNDs and object size. Such ﬁndings
demonstrate a temporally dependent early adherence and late vio-
lation of Weber’s law and provide some support for the PCM’s
assertion that relative and absolute visual information contribute
to the respective early and late speciﬁcation of grip aperture.
The goal of the present study was to determine if memory-
guided grasping exhibits a time-dependent adherence (or viola-
tion) to Weber’s law that is distinct from visually derived grasping.
Recall Ganel, Chajut, and Algom (2008) and Ganel, Chajut, Tanzer,
et al. (2008) report that JNDs for memory-guided grasping in-
creased with increasing object size and their interpretation that
such a result supports the PAM’s contention that even the briefestperiod of visual delay (i.e., 0 ms) results in motor output that is
supported via unitary and relative visual information. In contrast,
the PCM asserts that removal of visual information regarding the
effector or the target subjects the control representation to a grad-
ual decay over a period of roughly 2000 ms; that is, ‘‘. . .when the
delay is more than two seconds, the decay will be nearly complete,
and movements made after delays much longer than two seconds
will be executed entirely ‘as planned’ (i.e., without the beneﬁt of
online control)’’ (Glover, 2004; p. 5). Accordingly, the PCM asserts
that the absolute properties of the control representation are avail-
able to support the later stages of action given a sufﬁciently brief
delay (i.e., <2000 ms). In line with Heath et al. (2011), we had par-
ticipants grasp differently sized objects and computed JNDs at the
time of peak grip aperture as well as at decile increments of nor-
malized grasping time. Importantly, closed- and open-loop condi-
tions were contrasted with memory-guided conditions involving
a brief (i.e., 0 ms) and a longer (i.e., 2000 ms) visual delay. In terms
of research predictions, if the PAM is correct then both the 0 and
2000 ms delay conditions should demonstrate JNDs that scale to
object size during the early, middle and late stages of the response.
In this framework, the unitary and relative visual percept support-
ing memory-guided grasping should produce a temporally invari-
ant adherence to the perception-based properties of Weber’s law.
Alternatively, if the PCM is correct, then the 0 and 2000 ms delay
conditions are predicted to give rise to an early, but not late,
scaling of JNDmagnitudes to object size. In this framework, the rel-
ative visual information supporting the early kinematic parameter-
ization of action is predicted to give rise to JND/object size scaling.
In turn, the absolute visual information supporting the middle and
late stages of grip aperture shaping is predicted to give rise to a
null JND/object size scaling. In other words, the dynamic nature
of the visual information supporting memory-guided actions is
predicted to produce a temporally dependent early adherence
and late violation of Weber’s law.2. Methods
2.1. Participants
Fourteen (nine male and ﬁve female: age range = 19–27 years of
age) self-declared right-handed participants with normal or cor-
rected-to-normal vision were recruited from the University of
Western Ontario community. Participants provided informed con-
sent and this work was approved by the Ofﬁce of Research Ethics,
University of Western Ontario, and conducted according to the eth-
ical standards of the Declaration of Helsinki.2.2. Apparatus and stimuli
Participants stood for the duration of the experiment in front of a
normal tabletop (height of 880 mm: surface width and depth of
1040 mm and 740 mm, respectively) and manually estimated (i.e.,
perceptual task) or grasped (i.e., motor task) the long-axis of target
objects. Target objects were painted ﬂat black and were 20, 30, 40,
50 and 60 mm in length and 10 mm in depth and height and were
presented against a ﬂat white surface (i.e., a neutral visual back-
ground). The long-axis of target objects was presented perpendicu-
lar to the midline of participants at a distance of 500 mm (depth
plane) from the front edge of the tabletop. A small switch (i.e., start
location)was afﬁxed to the tabletopmidline andplaced50 mmfrom
its front edge. Vision of the grasping environment was manipulated
via liquid–crystal occlusion goggles (PLATO Translucent Technolo-
gies, Toronto, ON, Canada) and all visual and auditory events were
controlled via MatLab (7.6: The Mathworks, Natick, MA, USA) and
the Psychophysics Toolbox extensions (ver 3.0; see Brainard, 1997).
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In advance of trials in the manual estimation (i.e., perceptual)
task, the occlusion goggles were set to their translucent (i.e., opa-
que) state while the experimenter placed the appropriate target
object on the table surface. During this time, participants rested
the medial surface of their grasping (i.e., right) hand on the start
location with their thumb and index ﬁnger pinched lightly to-
gether. Following placement of the appropriate target object, an
auditory imperative tone was provided and the goggles were set
to their transparent state. At this time, participants were instructed
to manually estimate the size of the target object by adjusting the
separation between their thumb and foreﬁnger (i.e., grip aperture)
while maintaining the position of their hand on the start location.
Participants indicated when a stable perceptual match of the target
object had been achieved by pressing a switch with their left hand
(located 250 mm left of midline). Following this, participants
grasped the target object: a manipulation allowing for the same
tactile feedback as experienced in the motor task (see below).
The occlusion goggles remained transparent until participants re-
turned to the start location.
In the motor task, participants adopted the same premovement
posturewith their graspinghandas in theperceptual task. Following
placement of the appropriate target object, the occlusion goggles
were set to their transparent state for a randomized preview period
(2000–3000 ms). The randomized preview was used to prevent
anticipation of response cuing and to encourage participants to plan
their response at the time of response cuing (e.g., Westwood & Goo-
dale, 2003). Following the preview phase, participants were in-
structed to grasp the target object as ‘‘quickly and as accurately as
possible’’ in each of four visual conditions: closed-loop (CL), open-
loop (OL), and memory delays of 0 (D0) and 2000 ms (D2000) (see
Fig. 1). In each visual condition an auditory tone was used to signal
movement onset. For CL trials, the auditory tone was provided
immediately following the preview phase and the goggles remained
transparent throughout the response (i.e., for 2500 ms). Thus, partic-
ipants were provided continuous visual feedback duringmovement
planning and execution. In the OL trials, the auditory tone was pro-
vided following the preview phase and the occlusion goggles re-
verted to their translucent state following release of pressure from
the start location. In this condition, visual feedback was available
during movement planning but not movement execution. For theFig. 1. Schematic representation of the visual conditions. For each condition vision of
schematic the curvilinear line represents the grasping trajectory and the white and gra
unavailable (i.e., goggles translucent), respectively.memory-guided trials, the occlusion goggles reverted to their trans-
lucent state following the preview phase and the auditory tone was
provided immediately (i.e., 0 ms: D0) or 2000 ms (D2000) later. For
D0 andD2000 trials, vision of the grasping environmentwas neither
available during movement planning nor movement execution.
Notably,we includedbothOLandD0conditionsbasedonbehavioral
andneuroimagingwork showing that the internal structure of amo-
torplan is speciﬁedat the timeof response cuingandnotbefore (Cul-
ham, Cavina-Pratesi, & Singhal, 2006; Heath, 2005; Heath,
Westwood, & Binsted, 2004; Westwood & Goodale, 2003; West-
wood, Heath, & Roy, 2003; for review see Heath, Neely, Krigolson,
& Binsted, 2010). Thus, the inclusion of both conditions provides a
basis for determining whether or not the availability of visual feed-
back at the time of response planning inﬂuences the putative time-
dependent JND/object size scaling.
In both perceptual and motor tasks, participants were
instructed to maintain their grasp, but not lift, the target object
until prompted by the experimenter to move back to the start loca-
tion. Perceptual and motor tasks were performed in separate and
counterbalanced blocks. In the motor task block, the different
visual conditions were performed in separate and randomly
ordered blocks. For all blocks, 20 trials were completed to each
target object (which were randomly ordered) resulting in 100 per-
ceptual and 400 motor trials.
2.4. Data analysis
Movement of the grasping limb was tracked via infrared emit-
ting diodes (IRED) placed on the styloid process of the wrist, the
medial surface of the distal phalanx of the thumb and the lateral
surface of the distal phalanx of the foreﬁnger. IRED position data
were sampled at 400 Hz via an Optotrak Certus (Northern Digital
Inc., Waterloo, ON, Canada). In the perceptual task, IRED sampling
occurred when participants indicated a stable grip aperture (see
details above) and continued until participants released the start
location switch. In the motor task, IRED sampling occurred for
1500 ms following the auditory imperative tone. IRED position
data were ﬁltered ofﬂine via a second-order dual-pass Butterworth
ﬁlter employing a low-pass cutoff frequency of 15 Hz. Subse-
quently, instantaneous velocities were computed from displace-
ment data via a ﬁve-point central ﬁnite difference algorithm.
Movement onset in the motor task was marked by release ofthe grasping environment was available for a randomized preview period. In this
y backgrounds represent when vision was available (i.e., goggles transparent) and
Table 1
Linear regression equations and proportion of explained variance (R2 values) relating just noticeable difference scores to object size (20, 30, 40, 50 and 60 mm) at decile
increments of normalized grasping time for each visual condition and when pooled (see far right column) across visual conditions. In addition regression equations and R2 values
are presented at the time of peak grip aperture and for the perceptual task (i.e., manual estimation).
Visual condition
Closed-loop Open-loop 0 ms delay 2000 ms delay Grand equation
Just noticeable difference (JND)
10% y = 4.97 + 0.03x: R2 = 0.97 y = 3.91 + 0.03x: R2 = 0.92 y = 4.49 + 0.01x: R2 = 0.27 y = 3.37 + 0.04x: R2 = 0.83 y = 4.18 + 0.03x: R2 = 0.92
20% y = 6.52 + 0.09x: R2 = 0.94 y = 5.42 + 0.07x: R2 = 0.90 y = 5.90 + 0.04x: R2 = 0.77 y = 5.27 + 0.07x: R2 = 0.89 y = 5.78 + 0.07x: R2 = 0.95
30% y = 6.72 + 0.07x: R2 = 0.92 y = 5.03 + 0.08x: R2 = 0.99 y = 5.49 + 0.06x: R2 = 0.94 y = 5.72 + 0.08x: R2 = 0.88 y = 5.56 + 0.08x: R2 = 0.99
40% y = 6.36 + 0.04x: R2 = 0.94 y = 4.91 + 0.06x: R2 = 0.95 y = 5.54 + 0.05x: R2 = 0.93 y = 6.81 + 0.06x: R2 = 0.89 y = 5.91 + 0.05x: R2 = 0.99
50% y = 6.35 + 0.01x: R2 = 0.72 y = 5.20 + 0.04x: R2 = 0.85 y = 5.81 + 0.03x: R2 = 0.61 y = 7.97 + 0.02x: R2 = 0.89 y = 6.34 + 0.02x: R2 = 0.90
60% y = 5.28 + 0.00x: R2 = 0.05 y = 4.91 + 0.03x: R2 = 0.71 y = 5.32 + 0.02x: R2 = 0.48 y = 7.60  0.02x: R2 = 0.60 y = 5.78 + 0.01x: R2 = 0.31
70% y = 4.69  0.01x: R2 = 0.18 y = 4.49 + 0.02x: R2 = 0.57 y = 5.11 + 0.01x: R2 = 0.32 y = 6.77  0.01x: R2 = 0.24 y = 5.26 + 0.00x: R2 = 0.06
80% y = 5.81  0.02x: R2 = 0.49 y = 5.94 + 0.01x: R2 = 0.17 y = 6.23 + 0.00x: R2 = 0.48 y = 7.80  0.02x: R2 = 0.45 y = 6.44  0.01x: R2 = 0.29
90% y = 4.31  0.01x: R2 = 0.36 y = 5.82  0.00x: R2 = 0.00 y = 5.68 + 0.01x: R2 = 0.58 y = 7.41  0.01x: R2 = 0.26 y = 5.80  0.00x: R2 = 0.04
JNDPGA y = 5.21  0.01x: R2 = 0.27 y = 4.40  0.00x: R2 = 0.00 y = 5.05  0.00x: R2 = 0.14 y = 6.24  0.02x: R2 = 0.22 y = 5.22  0.01x: R2 = 0.27
JNDPercept. – – – – y = 2.24 + 0.05x: R2 = 0.98
Note: PGA = peak grip aperture; Percept. = perceptual task.
1944 S.A. Holmes et al. / Vision Research 51 (2011) 1941–1948pressure from the start location. Movement offset was marked as
the ﬁrst frame in which resultant wrist velocity fell below a value
of 50 mm/s for 20 consecutive frames (i.e., 50 ms).
The singular psychological component in Weber’s law is the
determination of when two stimuli are different (i.e., the ‘just
noticeable difference’: JND). The overwhelming majority of studies
to evaluate Weber’s law have done so in the context of perceptual
distinctions of stimulus strength. For example, when presented
two different lines the performer verbally identiﬁes which of the
two lines is longer. Notably, JNDs in this context are deﬁned statis-
tically with the exact value of correct stimulus identiﬁcation being
dependent on an arbitrary criterion (see Dember & Warm, 1979).
Thus, some studies may employ a 75% correct criterion for identi-
ﬁcation of the stronger stimulus whereas other studies may em-
ploy 85% as a correct criterion (or any other possible value). Of
course, in evaluating a motor task such a computation of JNDs is
not possible. Thus, and in line with Ganel, Chajut, and Algom
(2008) and Ganel, Chajut, Tanzer, et al. (2008), we computed JNDs
on the basis of within-participant standard deviations of grip aper-
ture. According to Ganel, Chajut, and Algom (2008), the basis for
this technique is drawn from the classical method of adjustment
in which variance provides a metric of visuomotor uncertainty
‘‘. . .for which the observer is unable to tell the difference between
the size of the comparison and the target object’’ (p. 600). We
recognize that such an approach differs from the traditionalTable 2
Planned comparison t-tests for the effect of visual condition on grip aperture size and
just noticeable difference (JND) values at deciles of normalized grasping time and
peak grip aperture (PGA).
Grasping time Grip aperture
60% CL = OL: p = 0.13 OL < D0: p < 0.02 D0 = D2000: p = 0.45
70% CL < OL: p < 0.03 OL < D0: p < 0.03 D0 = D2000: p = 0.75
80% CL < OL: p < 0.01 OL < D0: p < 0.03 D0 = D2000: p = 0.31
90% CL < OL: p < 0.01 OL < D0: p < 0.02 D0 = D2000: p = 0.07
PGA CL < OL: p < 0.01 OL < D0: p < 0.02 D0 = D2000: p = 0.29
JND
60% CL < OL: p < 0.05 OL = D0: p = 0.13 D0 < D2000: p = 0.10
70% CL < OL: p < 0.01 OL < D0: p < 0.03 D0 < D2000: p < 0.05
80% CL < OL: p < 0.01 OL < D0: p < 0.04 D0 < D2000: p < 0.05
90% CL < OL: p < 0.01 OL < D0: p < 0.01 D0 < D2000: p < 0.05
PGA CL < OL: p < 0.04 OL < D0: p < 0.01 D0 < D2000: p < 0.05
Note: Post hoc contrasts are not presented at 10% through 50% of grasping time
because our ANOVA model did not reveal a reliable effect of visual condition at
those time points.evaluation of Weber’s law wherein JNDs are determined statisti-
cally (see above) and produce an ordinate intercept that is equal
to zero. It is, however, important to note that the approach used
here is in line with Fechnerian principles of Weber functions. In
particular, Fechner very early recognized the importance of vari-
ability in the sensory system and speciﬁcally concluded that We-
ber’s law is expressed when variability in responding increases
linearly with increasing stimulus intensity (for extensive review
of this issue see Marks & Algom (1998)). Thus, JNDs in Section 3
speciﬁcally refer to the trial-to-trial stability of grip aperture and
we interpret linear scaling of JNDs to increasing object size (i.e.,
the Weber function: see Boring, 1942) as extant adherence to the
psychophysical properties of Weber’s law (see also Ganel, Chajut,
& Algom, 2008; Ganel, Chajut, Tanzer, et al., 2008).
In the perceptual task, we computed grip aperture (GA: i.e.,
resultant distance between thumb and foreﬁnger) and corollary
JNDs and submitted those data to one-way repeated measures AN-
OVA (i.e., object size: 20, 30, 40, 50 and 60 mm). In the motor task,
we computed peak grip aperture (PGA: i.e., maximum resultant
distance between thumb and foreﬁnger) and associated JNDs. We
also measured grasping time (GT: i.e., time from movement onset
to movement offset) and the time to peak grip aperture (tPGA: i.e.,
time from movement onset to PGA). The aforementioned variables
were examined via 4 (visual condition: CL, OL, D0, D2000) by 5 (ob-
ject size: 20, 30, 40, 50, 60 mm) repeated measures ANOVA. In
addition, we computed GA and associated JNDs at decile incre-
ments (i.e., 10%, 20%, . . . , 80%, 90%) of normalized GT and added
the variable time (10%, 20%, . . . , 80%, 90%) to our ANOVA model.
Where appropriate, F-statistics were corrected for violations of
sphericity using the appropriate Huynh–Feldt correction (cor-
rected degrees of freedom to one decimal place). Signiﬁcant main
effects/interactions involving visual condition were decomposed
via planned comparison simple effects (see Table 2) and signiﬁcant
main effects/interactions involving object size were decomposed
via power-polynomials (Pedhazur, 1997). Linear regression equa-
tions relating JNDs to object size are presented in Table 1.3. Results
3.1. Perceptual task
Fig. 2 shows that object size inﬂuenced GA and JND values,
Fs(4, 52) = 48.49 and 9.61, respectively for GA and JND, ps < 0.001,
such that each increased linearly with increasing object size (see
also Table 1).
Fig. 2. JND magnitudes (solid line with symbols) and grip aperture size (dotted lines without symbols) at decile increments of grasping time as a function of object size (20,
30, 40, 50 and 60 mm) for closed-loop (CL), open-loop (OL), 0 (D0) and 2000 ms (D2000) visual conditions. Peak grip aperture (PGA) and associated JNDs (JNDPGA) are depicted
in each panel following the space in the abscissa. In addition, results for the manual estimation task are presented in the shaded gray area and depict grip aperture size (Perc.)
and associated JNDs (JNDPerc.). Note that the results of the manual estimation task are concurrently presented in each visual condition. For each panel the dotted vertical line
represents the time of peak grip aperture. Error bars for JNDs represent one between-participant standard deviation.
S.A. Holmes et al. / Vision Research 51 (2011) 1941–1948 19453.2. Motor task
GT yielded a mean value of 741 ms (SD = 154) and this variable
was not inﬂuenced by the different experimental conditions used
here (Fs < 1.7). The results for PGA indicated an increase in grip
aperture with increasing visual delay, F(3, 39) = 10.23, p < 0.001
F(3, 39) = 11.70, p < 0.001 (see Table 2 for post hoc contrasts), and
as expected, both PGA and tPGA increased linearly as a function of
increasing object size, Fs(4, 52) = 835.62 and 8.90, respectively for
PGA and tPGA, ps < 0.001 (Fig. 2). In terms of the JNDs computed at
the time of PGA, results showed that values increased with visual
delay, F(3, 39) = 10.23, p < 0.001 (Table 2). Notably, however, JNDs
computed at the time of PGA did not scale to object size, and Fig. 2
demonstrates that the null JND/object size scaling was consistent
across each of the visual conditions used here.
Results for GA at deciles of normalized GT revealed effects for
time, F(2.4, 31.1) = 77.46, p < 0.001, and object size, F(4, 52) =
777.65, p < 0.001, and interactions involving time by visual condi-
tion, F(5.1, 67.1) = 2.72, p < 0.03, and time by object size,
F(5.6, 72.7) = 219.42, p < 0.001. GA values were similar across the
different visual conditions from 10% to 50% of GT (ps > 0.05); how-
ever, GA values generally increased with visual delay from 60% to
90% of GT (ps < 0.05) (Table 2). Fig. 2 shows that at each time point
GA increased linearly with increasing object size (ps < 0.001) and
that the magnitude of this scaling increased with increasing GT. Re-
sults for corollary JNDs revealed a main effect of time, F(3.6, 47.3) =
9.66, p < 0.001, and object size, F(4, 52) = 8.64, p < 0.001, and
interactions involving time by visual condition, F(24, 312) = 4.50,
p < 0.001, and time by object size, F(12.6, 164.1) = 7.60, p < 0.001.
JNDs were consistent across visual conditions from 10% to 50% of
GT (ps > 0.05); however, from 60% to 90% of GT, JNDswere generally
found to increase with visual delay (ps < 0.05) (Table 2). In terms of
the time by object size interaction, JNDs increased linearly with
increasing object size from 10% to 40% of GT (ps < 0.01); however,
no reliable effect of object size was observed from 50% to 90% of
GT (ps > 0.05) (Table 1). In addition, Fig. 3 shows the slopes of thelinear regressions relating JND to object size for each visual condi-
tion. From this ﬁgure it can be seen that: 1. The JND/object size scal-
ing was differentially inﬂuenced across the early and late stages of
the response, and 2. The pattern of JND/object size scaling was
consistent across visual conditions (see also Table 1 for slopes when
collapsed across visual condition).4. Discussion
The goal of this investigation was to determine whether mem-
ory-guided grasping elicits a time-independent or time-dependent
adherence to Weber’s law. To that end, we computed JND values at
decile increments of grasping time for closed- and open-loop visual
conditions as well as conditions involving 0 and 2000 ms of visual
delay.4.1. The perceptual task: JND magnitudes scale to object size
Grip aperture and associated JNDs in themanual estimation task
scaled to object size. These results indicate that participants distin-
guished between the differently sized objects and that the trial-to-
trial stability of their grip aperture (i.e., the comparator) decreased
in relation to increasing object size (i.e., the initial stimulus). Thus,
results adhere to Weber’s law and support the PAM’s assertion that
relative visual information mediates perceptions (see also Ganel,
Chajut, & Algom, 2008; Heath et al., 2011). Notably, however, at
least one study has argued thatmanual estimation tasks do not pro-
vide a representative perceptual measure of object size (Franz,
2003). For that reason, we contrasted the results from the manual
estimation task used in our main experiment to a supplemental
experiment involving a matching task commonly used in the per-
ceptual literature (see also Ganel, Chajut, & Algom, 2008). Speciﬁ-
cally, a target object was presented to participants (N = 16) and
they used the space bar on a computer keyboard to increase the
length of a horizontal line appearing on a computer monitor
Fig. 3. Slopes of the linear regression of JNDs to object size for closed-loop (CL),
open-loop (OL), 0 (D0) and 2000 ms (D2000) visual condition at decile increments
of grasping time. As well, values following the space in the abscissa show JND slopes
at the time of peak grip aperture (JNDPGA) and for the manual estimation task
(JNDPerc.). The capped horizontal lines in this ﬁgure demonstrate when JNDs elicited
a linear increase as a function of increasing object size.
1946 S.A. Holmes et al. / Vision Research 51 (2011) 1941–1948(i.e., 30-in., 1280 by 960 pixels and located 20 cm anterior to the
target object) until they believed it to match the target object’s
length (which was visible throughout the task).3 Results showed
that within-participant variability of matching responses (i.e., the
JNDs) increased linearly with increasing object size, F(4, 64) = 9.99,
p < 0.001, and that the slope of this function (b = 0.06 mm) was par-
allel to the manual estimation task (b = 0.05 mm) (t < 1). As such,
we conclude that the manual estimation task used here provides a
representative proxy to perceptual matching.
In addition, Fig. 2 shows that grip aperture size and JNDs in the
manual estimation task were less than peak grip apertures and JND
magnitudes in the motor task. In contrast, Ganel, Chajut, & Algom,
2008 reported that their manual estimation task produced larger
JNDs than those associated with peak grip aperture in closed-loop
grasping; however, their study did not report grip aperture size.
We are unable to offer a direct explanation for this discrepancy
as the tasks used in each experiment were essentially the same.
It is, however, important to note that our results are consistent
with a number of studies reporting that manual estimations reli-
ably underestimate veridical object size (e.g., Daprati & Gentilucci,
1997; Franz, 2003; Haffenden & Goodale, 1998; Heath et al., 2011).
Moreover, that JNDs in our manual estimation task were less than
the motor task is in keeping with reported ‘distance effects’ linking
increases in response magnitude (i.e., grip aperture size) to
increases in response variability (Elliott & Lee, 1995; Lemay & Pro-
teau, 2001).4.2. The motor task: online visual feedback enhances aperture
precision and efﬁciency
For the motor task we ﬁrst address the general issue of how
the different visual conditions inﬂuenced aperture shaping. Fig. 2
shows that grip aperture produced a reliable and continuous
(i.e., from 10% to 90% of grasping time) scaling to object size
and that this result was consistent across visual conditions.
Notably, however, open-loop, 0 ms, and 2000 ms delay condi-
tions showed larger and more variable4 grip apertures than the
closed-loop condition from 50% to 90% of grasping time (and3 The length and height of the horizontal line was designed to match the
characteristics of each target object. As well, the timing of visual events, trial
ordering, and number of trials in the supplemental experiment matched the main
experiment.
4 We refer to aperture variability here instead of JND magnitude. The basis for this
terminology difference is to emphasize grip aperture variability in the different visual
conditions independent of their putative scaling to object size.including peak grip aperture). In particular, a sequential increase
in grip aperture size and variability was observed across open-
loop, 0 and 2000 ms delay conditions. Such results cannot be ex-
plained by a difference in movement timing given that the time
of peak grip aperture (i.e., 71% of grasping time) and overall grasp-
ing duration was comparable across visual conditions. Instead, our
results are consistent with literature indicating that in the absence
of online visual feedback participants engage in a deliberate strat-
egy of increasing their grip aperture as a ‘safety margin’ to reduce
the probability of missing, or inappropriately contacting, the target
object (e.g., Churchill, Hopkins, Rönnqvist, & Vogt, 2000; Heath,
Rival, Westwood, & Neely, 2005; Jakobson & Goodale, 1991; Wing,
Turton, & Fraser, 1986; but see Jeannerod, 1984). In addition, that
grip aperture variability increased sequentially from open-loop to
the 0 ms delay condition and again from the 0 ms to the
2000 ms delay condition supports the contention that the param-
eters of a to-be-grasped target object are subject to an immediate
visuomotor decay (Binsted & Heath, 2004; Glover, 2004; Heath,
2005; Heath et al., 2004; Hesse & Franz, 2010; Westwood et al.,
2003; for recent review see Heath et al., 2010). Of course, what
is most notable in the context of the present investigation is that
the above-mentioned results evince that the visual conditions
used here distinctly inﬂuenced aperture shaping.
4.3. The motor task: JND magnitudes for closed-loop, open-loop and
memory-guided grasping elicit a time-dependent scaling to object size
Recall that Ganel, Chajut, and Algom (2008) and Ganel, Chajut,
Tanzer, et al. (2008) examined JND magnitudes at the time of peak
grip aperture and found that values for visually derived conditions
were not inﬂuenced by object size. In contrast, JNDs for memory-
guided actions increased linearly with increasing object size. Based
on these ﬁndings, Ganel et al. proposed that visually derived (i.e.,
closed- and open-loop) and memory-guided actions exhibit a fun-
damental violation and adherence, respectively, of Weber’s law.
Moreover, Ganel et al. interpreted their ﬁndings within the PAM’s
framework that visually derived actions are mediated by a unitary
and absolute visual code whereas memory-guided actions are sup-
ported by the same unitary and relative visual code that supports
perceptions. In the present study, we examined aperture shaping
at serial time points and observed that JNDs from 10% to 40% of
grasping time increased linearly with increasing object size; that
is, early aperture formation demonstrated lawful adherence toWe-
ber’s law. However, JNDs from 50% to 90% of grasping time (and
including the time of peak grip aperture) did not scale to object
size and therefore demonstrate a fundamental violation of Weber’s
law. Most notably, Fig. 2 shows that the time-dependent scaling of
JNDs was neither inﬂuenced by the availability of online visual
feedback (compare closed-loop vs. open-loop conditions), nor by
the introduction of a brief (compare open-loop vs. 0 ms delay con-
ditions) or longer (compare 0 ms and 2000 ms delay conditions) vi-
sual delay. As such, the present ﬁndings, as well as a previous study
by our group (Heath et al., 2011), indicate that the evaluation of
grasping performance at a discrete and late occurring metric (i.e.,
the time of peak grip aperture) does not provide a comprehensive
understanding of the time-dependent nature of JND/object size
scaling. What is more, our JND values provide no evidence that dis-
sociable visual codes support visually derived and memory-guided
grasping.
Our ﬁndings highlight two important issues that require re-
dress. The ﬁrst relates to why the later stages of our memory-
guided task did not demonstrate a JND/object size scaling similar
to Ganel, Chajut, and Algom (2008) and Ganel, Chajut, Tanzer,
et al. (2008). In other words, why do our results not provide evi-
dence for dissociable visual codes? One possible explanation is that
the length of the memory delay dictates perceptual intrusions on
Fig. 4. JND magnitudes (solid line) and grip aperture (GA) velocities (hatched and
dotted line) for an exemplar participant as a function of object size (20, 30, 40, 50
and 60 mm) at percentile increments of normalized grasping time. The horizontal
dotted line represents the zero crossing for velocity. The proﬁles represent average
responses across visual conditions. For ease of presentation we did not include
symbols for the different object sizes; however, the ﬁgure provides a clear
demonstration that JNDs and grip aperture velocities increased linearly with
increasing object size from approximately 10–40% of grasping time. During the
middle and later stages of grasping (>50% of grasping time), JNDs and grip aperture
velocities do not demonstrate a scaling to object size.
5 Schmidt et al’s (1979) impulse variability hypothesis predicts a linear relation
between force and motor variability at low to moderate force levels; that is, the range
of forces associated with aperture shaping (Valero-Cuevas, 2000). At near-maximal
force levels (i.e., >60% of maximal voluntary contraction), such as those involved in
ballistic striking movements, some work has suggested that the relationship between
force and motor variability is curvilinear (Sherwood & Schmidt, 1980; but see Carlton
& Newell, 1993).
S.A. Holmes et al. / Vision Research 51 (2011) 1941–1948 1947actions. As such, the 0 and 2000 ms delay intervals used here may
not have been sufﬁciently long to produce the same result as Ganel
et al’s 5000 ms delay. In addressing this issue, we note that West-
wood and colleagues have shown that the context-dependent
properties of pictorial illusions impact aperture scaling following
very brief (i.e., 0 ms) as well as longer (i.e., 3000 ms) delay intervals
and that the size of the perceptual intrusion does not increase with
visual delay (e.g., Westwood, Chapman, & Roy, 2000; for review see
Goodale & Westwood, 2004). Moreover, close inspection of the
supplemental experiment provided by Ganel, Chajut, Tanzer,
et al. (2008) reveals that they employed the same 0 ms delay con-
dition as used here and that such a condition resulted in a JND/ob-
ject size scaling on par to the 5000 ms delay associated with their
original work (compare Fig. 2B of Ganel, Chajut, and Algom (2008)
with Fig. 1B of Ganel, Chajut, Tanzer, et al. (2008)). Thus, the dis-
crepancy between our results and Ganel and colleagues cannot
be tied to the length of the delay interval. In fact, we have not been
able to identify a speciﬁc experimental factor or measurement is-
sue that might account for the identiﬁed between-experiment dif-
ference in JND/object size scaling. That being said, we believe that
the present ﬁndings add importantly to the motor control litera-
ture insomuch as they demonstrate that JND/object size scaling
during the later stages of a response, and hence adherence to
Weber’s law, does not represent a pervasive feature of memory-
guided grasping.
The second issue requiring redress relates to understanding the
time-dependent JND/object size scaling observed across each vi-
sual condition used here. As indicated in the Introduction, a sen-
sory-based interpretation for our results can be drawn directly
from Glover’s (2004) PCM. In particular, the early JND/object size
scaling is consistent with the PCM’s assertion that the initial plan-
ning of a response is ‘‘. . .at least somewhat susceptible to conscious
cognitive inﬂuence’’ (Glover 2004, p. 4) and therefore results in
motor output that is constrained by the psychophysical principles
related to object size. In turn, nulliﬁcation of JND/object size scal-
ing during the middle and late stages of the response supports the
PCM’s contention that an absolute control representation operat-
ing independent of cognitive inﬂuence gradually assumes com-
mand of the unfolding response. Moreover, the PCM states that
absolute visual information is available to support later movement
control ‘‘. . .over a period of roughly two seconds’’ (p. 5; Glover,
2004). As such, the PCM provides a parsimonious interpretation
of the comparable JND/object size scaling across the visually de-
rived and memory-guided conditions used here. That is, our results
provide some support for the PCM’s interpretation of a dynamic
interplay between relative and absolute visual information and
the conclusion that goal-directed actions demonstrate an early
adherence and late violation of Weber’s law.
We note that there are at least three alternate, and not mutually
exclusive, explanations to the sensory-based interpretation de-
scribed above. The ﬁrst stems from Smeets and Brenner’s (1999,
2001) double-pointing hypothesis. According to their model, the
digits of precision grasping are under independent (and smooth)
control and each approaches their respective contact point orthog-
onally to ensure accuracy and stability at contact. Notably, as the
size of the target object increases the angle of approach needed
for (in our case) the index ﬁnger increases to ensure contact accu-
racy that is equivalent to the opposing digit (i.e., the thumb). As
such, the more orthogonal approach vector of the index ﬁnger
leads to greater variability early, but not late, in the grasp trajec-
tory. The second alternative explanation can be drawn from the
temporal relation between grip aperture force and grip aperture
variability. In particular, Schmidt and colleagues (Schmidt, Zelaz-
nik, Hawkins, Frank, & Quinn, 1979; Sherwood & Schmidt, 1980)
have demonstrated a linear relationship between the amount of
force produced and the resulting within-participant variability inthat force production (see also Newell & Carlton, 1985; Fullerton
& Cattell, 1892, as cited in Carlton & Newell, 1993).5 Accordingly,
the increased forces required for the rapid and early scaling of grip
aperture for objects of increasing size are expected to inﬂuence the
trial-to-trial stability of the response. Although the present study
was not designed to compute the kinetics of aperture shaping (i.e.,
force), we are able to indirectly examine this issue by advantaging
the well-documented force–velocity relationship (Abbott & Wilkie,
1953). Speciﬁcally, Fig. 4 presents JND magnitudes and grip aperture
velocity at percentile increments of grasping time as a function of
the different object sizes used in this investigation (20, 30, 40, 50
and 60 mm). As expected, early grip aperture velocity scaled to ob-
ject size and the time of maximal grip aperture velocity was consis-
tent across the different target objects. More notably, the timeline by
which grip aperture velocity scaled to object size was similar to the
timeline by which JND values scaled to object size (i.e., approxi-
mately 10–40% of grasping time). Indeed, by the middle and late
stages of the trajectory (>50% of grasping time) both JND magnitudes
and grip aperture velocity showed a null scaling to object size. Thus,
the higher velocities (and hence forces) required to achieve the tar-
get-dependent changes in aperture size early in the response may
have contributed to the early, but not late, scaling of JNDs to object
size (Schmidt et al., 1979; see also Meyer, Abrams, Kornblum,
Wright, & Smith, 1988). In a similar vein, a third alternative to the
sensory-based interpretation can be drawn from Harris and Wol-
pert’s (1998) minimum-variance model (MVM) and the assertion
that neural noise increases with the size of the control signal used
for movement planning. As such, the control signal associated with
aperture shaping for a large object (e.g., 60 mm) is expected to
exhibit greater trajectory variability than the control signal tied
to grasping a smaller object (e.g., 20 mm). In other words, the
time-dependent JND/object size scaling may reﬂect a motor plan-
ning process wherein the stochastic shape of a grasping trajectory
1948 S.A. Holmes et al. / Vision Research 51 (2011) 1941–1948(and its trial-to-trial variability) is linked to a control process that
minimizes variance in the ﬁnal (and required) grasp location. Impor-
tantly, the explanations described above suggest that the adherence
of grip aperture to Weber’s law may not relate to the nature of the
visual information supporting motor output per se; rather, adherence
or violation of the law may represent the control properties of aper-
ture shaping.5. Conclusions
We observed a time-dependent early, but not late, JND/object
size scaling for visually derived and memory-guided grasping.
These results demonstrate that the examination of grasping perfor-
mance at a late occurring kinematic marker (i.e., time of peak grip
aperture) does not provide a comprehensive understanding of the
dynamic nature of JND/object size scaling. Moreover, our results
question the utility by which JND/object size scaling provides evi-
dence of dissociable visual codes underlying visually derived and
memory-guided actions.Acknowledgments
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